We use resonant elastic and inelastic X-ray scattering at the Ir-L3 edge to study the dopingdependent magnetic order, magnetic excitations and spin-orbit excitons in the electron-doped bilayer iridate (Sr1−xLax)3Ir2O7 (0 ≤ x ≤ 0.065). With increasing doping x, the three-dimensional long range antiferromagnetic order is gradually suppressed and evolves into a three-dimensional short range order from x = 0 to 0.05, followed by a transition to two-dimensional short range order between x = 0.05 and 0.065. Following the evolution of the antiferromagnetic order, the magnetic excitations undergo damping, anisotropic softening and gap collapse, accompanied by weakly doping-dependent spin-orbit excitons. Therefore, we conclude that electron doping suppresses the magnetic anisotropy and interlayer couplings and drives (Sr1−xLax)3Ir2O7 into a correlated metallic state hosting twodimensional short range antiferromagnetic order and strong antiferromagnetic fluctuations of J eff = 1 2 moments, with the magnon gap strongly suppressed. Mott state while lying close to an insulator-to-metal transition (IMT) [7, 8] . Due to the bilayer structure, Sr 3 Ir 2 O 7 exhibits a much smaller gap ∆E ≈ 130 meV than Sr 2 IrO 4 (∆E ≈ 600 meV) [7, 26, 27] . The strong interlayer couplings and magnetic anisotropy including the bonddirectional pseudodipolar interactions arising from the J eff = . In contrast, a doping-dependent negative electronic compressibility was discovered in later ARPES measurements, indicating an exotic correlated metallic state [32, 35] . In order to reveal the nature of the metallic state, a detailed study of the elementary excitations is required that can determine the doping evolution of the electronic interactions, especially the magnetic couplings. Furthermore, it will be interesting to study the doping dependence of the strong interlayer couplings and the pseudodipolar interactions that drive the AFM [8] and the large magnon gap in Sr 3 Ir 2 O 7 [29, 30] .
Mott insulating states have recently attracted much interest owing to their potential for exploring novel collective quantum states by charge-carrier doping in the strong spin-orbit coupling (SOC) limit [1] [2] [3] [4] [5] [6] [7] [8] . Distinct from 3d Mott insulators where strong on-site Coulomb electron correlation (U ) dominates [9] , the J eff = 1 2 Mott state in iridates is induced by cooperative interplay between crystal-field, SOC (∼ 0.4 eV) and an intermediate U [4] . The novel Mott insulator Sr 2 IrO 4 is similar to La 2 CuO 4 in magnetic order, spin dynamics and electronic structure [3] [4] [5] [6] [7] [10] [11] [12] [13] [14] . It has been suggested that electron-doped Sr 2 IrO 4 is an analogous system to hole-doped La 2 CuO 4 [15, 16] , which is supported by numerous nontrivial experimental observations such as Fermi arcs, pseudogaps, d-wave gaps and persistent paramagnons [17] [18] [19] [20] [21] [22] [23] [24] .
Compared with Sr 2 IrO 4 , the bilayer Sr 3 Ir 2 O 7 bearing strong interlayer coupling is similar to bilayer cuprates [25] and shows unique advantages in exploring novel phases via electron doping since it retains the J eff = 1 2 Mott state while lying close to an insulator-to-metal transition (IMT) [7, 8] . Due to the bilayer structure, Sr 3 Ir 2 O 7 exhibits a much smaller gap ∆E ≈ 130 meV than Sr 2 IrO 4 (∆E ≈ 600 meV) [7, 26, 27] . The strong interlayer couplings and magnetic anisotropy including the bonddirectional pseudodipolar interactions arising from the J eff = 1 2 states induce a c-axis G-type antiferromagnetic order (AFM) below T N ≈ 285 K [8, 28] and distinct magnons bearing a large magnon gap ≈ 90 meV [29, 30] .
Because of the small charge gap of Sr 3 Ir 2 O 7 , one can expect a homogeneous metallic state to develop by minor charge carrier doping. Indeed, an IMT and a robust metallic state have been realized in (Sr 1−x La x ) 3 Ir 2 O 7 for x > ∼ 0.05 [31, 32] . Since minor La dopants have little structural effect on IrO 2 layers while driving the system across the IMT, (Sr 1−x La x ) 3 Ir 2 O 7 provides an ideal platform to exploring novel phenomena arising from charge carrier doped J eff = 1 2 Mott states, in the presence of strong interlayer couplings and pseudodipolar interactions [29, 30] . However, the doping evolution of the ground state of (Sr 1−x La x ) 3 Ir 2 O 7 is still under intense debate [32] [33] [34] [35] . Angle-resolved photoemission (ARPES) measurements revealed a strong coherent quasiparticle peak and suggested a weakly correlated Fermi liquid ground state in (Sr 0.95 La 0.05 ) 3 Ir 2 O 7 [33] . In contrast, a doping-dependent negative electronic compressibility was discovered in later ARPES measurements, indicating an exotic correlated metallic state [32, 35] . In order to reveal the nature of the metallic state, a detailed study of the elementary excitations is required that can determine the doping evolution of the electronic interactions, especially the magnetic couplings. Furthermore, it will be interesting to study the doping dependence of the strong interlayer couplings and the pseudodipolar interactions that drive the AFM [8] and the large magnon gap in Sr 3 Ir 2 O 7 [29, 30] .
In this letter, we present measurements of the doping dependence of the magnetic order and the elementary excitations across the electron-doping driven IMT in ing Ir L 3 edge resonant inelastic X-ray scattering (RIXS) [36] . Our results reveal an evolution of the AFM from three-dimensional (3D) long range AFM (LAF) (x ≤ 0.03) to 3D short range AFM (SAF) (x ∼ 0.05) across the IMT and subsequent 2D SAF deep in the metallic state (x = 0.065). Following the evolution of the magnetic order, we present a detailed analysis of the dopingdependent magnetic excitations and spin-orbit excitons, from which the doping effects on the magnetic couplings and the nature of the metallic state are determined. The measurements on (Sr 1−x La x ) 3 Ir 2 O 7 were carried out at the ID20 beamline (x = 0.02, 0.05 and 0.065) of the European Synchrotron Radiation Facility (ESRF) and the 27ID-B beamline (x = 0 and 0.03) at the Advanced Photon Source (APS) [37] [38] [39] [29, 30] . We first describe the doping evolution of the magnetic order. Figure 1(a) shows the in-plane structure and the rotations of the IrO 6 octahedra in Sr 3 Ir 2 O 7 . The exchange couplings on the tetragonal lattice and their naming conventions are described in Fig. 1(b) . [8] . Upon electron doping, the 3D LAF persists for x = 0.03 but becomes short ranged for x = 0.05, as indicated by the broad peaks along both H and L in Figs. 1(e) to 1(f). The L scan for the metallic x = 0.05 sample deserves special attention. It reveals a broad feature superimposed on a flat background, and is well fitted by a sum of the bilayer antiferromagnetic structural factor cos 2 ( 2πd c ) [8] and a constant background [green solid curve in Fig. 1(f) ]. The presence of this broad feature indicates that the magnetic correlation length along c axis has decreased to a very small value comparable with the bilayer distance. This suggests that the c-axis magnetic correlations supporting the G-type AFM are on the verge of disappearing. The constant background can be attributed to a vanishing of the 3D SAF in a partial volume of the sample. This is in agreement with the percolative nature of the IMT, assuming that charge carriers are suppressing the magnetic order [32] . For x = 0.065, the L scan becomes featureless while the broader in-plane magnetic Bragg peak remains and persists at 290K [ Fig.1(e) and 1(f) ]. This indicates that further doping suppresses the magnetic couplings that support the 3D SAF and drives the system into a robust 2D SAF state.
To understand the doping-dependent electronic interactions across the IMT and the transitions between 3D LAF and 2D SAF, we have presented the magnetic excitations and the spin-orbit excitons of ( ) and ( in Figs. 2(a)-(c) . For x = 0, the dispersion, the large magnon gap and the spectral-weight distribution are consistent with a previous report measured at the same L [29] . In addition, our results reveal clear dispersive spinorbit excitons exhibiting similar energy scale and dispersion with that in Sr 2 IrO 4 [7, 11, 12, 43, 44] . As increasing x, the magnetic excitations are damped: they broaden in energy and decrease in intensity. This damping has been reported in other charge-carrier doped 2D correlated systems such as cuprates and iron pnictides [45] [46] [47] [48] [49] . The spin-orbit excitons show weak doping dependence, indicating that the magnetic excitations are fluctuations of the robust J eff = Fig. 3(a) ]. Across the IMT to x = 0.05, the dispersion becomes asymmetric and shows different gap size at ( [23] . Indeed, we find the 2D pseudospin- Fig. 3 ], indicating that the doped itinerant electrons drive the Sr 3 Ir 2 O 7 into a 2D magnetic system exhibiting strong antiferromagnetic pseudospin fluctuations [23] . The strong magnetic excitations in x = 0.065 demonstrates that metallic (Sr 1−x La x ) 3 Ir 2 O 7 hosts strong electron correlations like its parent compound, and therefore provide a solid evidence for a cor-related metallic picture [32] . [39] . The solid curves are fits to the dispersions for x = 0.02, 0.05 and 0.065 using the bilayer model [29] . The pink dashed curve is the fitting of the dispersion for 0.065 using the J-J2-J3 model [23] .
To quantitatively understand the doping evolution of the magnetic couplings, we have fitted the dispersions using the bilayer model [ Fig. 3] [29, 39 ], which consists of nearest neighbor (H 0 ) and long range interactions (H 1 ) (2) where Γ ij is the anisotropic coupling including the bond-directional pseudodipolar interactions and D ij the Dzyaloshinsky-Moriya interaction arising from the staggered rotation of the IrO 6 octahedra [ Fig. 1(a) ]. in H 1 represents in-plane first, second and third nearest neighbors and J 2 , J 3 and J 2c the long range exchange couplings [ Fig. 1(b) ]. The c-axis couplings J c and J 2c and D c are responsible for the bilayer splitting of the acoustic and optical branches, and the magnon gap arises from the anisotropic couplings Γ and Γ c [29] . Due to the presence of interlayer couplings, our fittings for x ≤ 0.05 have been restricted to adjusting only J, J 2 and J 3 [23, 39] . For x = 0.065, we fit all the parameters to account for the suppression of the interlayer couplings and the magnetic anisotropy. As shown in Fig. 3 , our fitting successfully describes the anisotropic softening and the collapse of the magnon gap [39] . With increasing doping, the anisotropic softening is captured by the evolution of J and J 2 [39] , indicative of strong interplay between the in-plane nearest and next nearest couplings and the emergent itinerant electrons. The bilayer splitting of the two branches disappear in 2D SAF state since J c , J 2c and D c vanish. The collapse of the magnon gap corresponds to the suppression of the anisotropic couplings (Γ and Γ c ) including the bond-directional pseudodipolar interactions [39] . With the suppression of the interlayer couplings, the bilayer model is similar to the J − J 2 − J 3 model, as indicated by the fitting curves using these two models [ Fig. 3(b) ].
Although the models roughly describe the anisotropic softening and gap collapse, they fail to capture the asymmetry of the dispersions for metallic x = 0.05 and 0.065 since these two models are intrinsically symmetric about ( ). As shown in Fig. 3(b) , the dispersion lies below the fitting along ( 2 ) and (0, 0) driven by the interactions between the pseudospins and the emergent itinerant electrons, which are not taken into account by the bilayer model developed based on the localmoment parent compound. Nonetheless, in phenomenological meaning, the effective fitting partially reflect the doping effects on the magnetic interactions (the dynamics of the pseudospins in itinerant context). On the other hand, we have also tentatively described the dispersions using the transverse mode of the quantum-dimer model reported in ref. [30] . The results have been discussed in the supplemental material [39] .
We now turn to the electron-doping effects on the spinorbit excitons in (Sr 1−x La x ) 3 Ir 2 O 7 . Besides demonstrating the robustness of the j = 1 2 moments, the spin-orbit excitons undergo a sudden decrease in energy (∆E s ∼ 70 meV) at momentum close to ( upper Hubbard band, this energy decrease suggests that these two bands are modified across the 3D-to-2D SAF transition [39] . This implies that the changes of magnetic order and magnetic couplings could induce band renormalization in this system [39] .
In summary, our RIXS measurements on (Sr 1−x La x ) 3 Ir 2 O 7 unveil an electron-doping driven evolution of the AFM from 3D LAF to 3D SAF and subsequent 2D SAF deep in the metallic state. Following this, we show that the magnons undergo an anisotropic damping with increasing doping, with the large magnon gap strongly suppressed in the 2D SAF metallic regime. This indicates that the emergent itinerant electrons suppress the AFM by weakening the magnetic couplings and drive the system into a 2D SAF correlated metallic state hosting strong AFM fluctuations of the J eff = 1 2 moments. Our results provide a solid experimental basis that will guide future theoretical works on the physics of doping the SOC-induced Mott insulators in the presence of strong interlayer couplings. In addition, the correlated metallic state hosting strong AFM pseudospin fluctuations in (Sr 1−x La x ) 3 Ir 2 O 7 could be a new platform for realizing novel quantum phases by applying internal or external perturbations.
We thank Matteo Rossi (ESRF) for helpful discussions. [50] , where the dispersion for x = 0.07 is much akin to our results on x = 0.05.
